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Effect of sea level fluctuations on the movement of the freshwater saltwater interface was analyzed by 
means of a sharp interface model. The simulation was carried out over 100 years period for two case 
studies based on available data; western coast of America and the Bay of Bengal and adjacent continental 
shelf. The position of freshwater-saltwater interface was estimated and it reflects the effect of long term 
average sea level rise on the position of interface. Using the location of the interface, the related loss of 
freshwater resources was estimated in both areas and results show that volumetric freshwater losses due 
to sea level rise is 1%- 5% of the aquifer volume in western American coast and 1%-3% in Bay of Bengal. 
The effects and influences of the loss of fresh groundwater resources were discussed, considering the 
groundwater use and groundwater recharge and adaptation proposals were introduced for both areas.  
 






 When considering the water resource in areas 
bordering seas, coastal aquifers are very important 
resource of freshwater. Greater than 75 percent of 
the human population lives within 60 km of the 
coast1). Since groundwater systems in coastal areas 
are in contact with saline water, one of the major 
problems is the prediction of the motion of the 
saltwater body in the aquifer. The quantitative 
understanding of the patterns of movement and 
mixing between freshwater and saltwater are 
necessary to manage the coastal groundwater 
resources. The movement of the 
freshwater-saltwater interface could result in change 
of fresh groundwater resources in coastal aquifers.  
 Coastal aquifers within the zone of influence of 
mean sea level can be threatened by sea level rise. 
Sea level is rising worldwide and it is important to 
recognize the impacts of sea level rise in relation o 
coastal aquifers. Sea level rise takes place 
progressively. The time characteristic of sea level 
rise is in the order of decades. Available references 
indicate that sea level is rising approximately 
2.0mm/year. Although it seems to be a relatively 
small amount of change, a small increase in sea 
level leads to devastating effects2).  
 Only a few quantitative studies on saltwater 
intrusion in coastal aquifers induced by sea level 
rise are available3) 4) 5). In these studies, modeling 
has remained rather tractable because of the 
assumptions made. The main objective of this study 
is to evaluate the effects of sea level rise on fresh 
g oundwater resources in coastal aquifers. We try to 
evaluate the effects of changes in sea level on the 
movement of freshwater-saltwater interface and the 
quantification of the movement of interface to 
estimate the loss of fresh groundwater resources in 
two different coastal aquifers in western America 
and Bay of Bengal regions which have entirely 
different trends of sea level rise and different 





(1) Modeling of the freshwater-saltwater 
interface using sharp interface concept 
Many models have been developed to represent 
and to study the problem of saltwater intrusion. The 
first concept about freshwater-saltwater interface, 
now widely cited as the Ghyben – Herzberg 
principle, is based on the hydrostatic equilibrium 
between fresh and saline water. Recently the studies 
involving the movement of fresh groundwater and 
saltwater in coastal aquifer systems are classically 
studied using two different approaches; sharp 
interface and disperse interface approaches6). In 
sharp interface approach, freshwater and saltwater 
are assumed completely immiscible and a sharp 
interface exists between these two phases. Since 
sharp interface models couple the freshwater and 
saltwater flow based on the continuity of flux and 
pressure, it has been selected to simulate the effect 
of sea level rise on the position, shape and the 
behavior of the interface. The sharp interface 
models have been developed with different 
numerical techniques7) 8) 9) 10). In this approach, 
together with Dupuit approximation, for each flow 
domain the equation of continuity may be integrated 
over vertical direction and come up with following 
system of differential equations 11) 12). 
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fρ and sρ are specific weight and h
f and hs  
are the piezometric heads in fresh and salt water,  
regions. zb is the elevation of confining layer. qf and  
qs are flow rate in fresh and salt water respectively. 
Kf and Ks represent the hydraulic conductivity and Sf  
and  Ss are storage coefficients in fresh and salt 
water regions respectively. θ  is the porosity of the 
aquifer media and δ is defined as )/( fsf ρρρδ −=  
α =1 for unconfined andα =0 for confined aquifers.  
(2)  Numerical modeling of sharp interface 
 Except for very simple systems, analytical 
solutions of those two coupled non linear partial 
differential equations are rarely possible. Various 
umerical methods must be employed to obtain 
approximate solutions. One of the approaches is the 
finite-difference method.  From above equations, it 
is possible to derive a numerical model using 
implicit finite difference techniques. Spatial 
discretization is achieved using a block centered 
finite difference grid which allows for variable grid 
spacing. To solve the two simultaneous linear 
algebraic differential equations, the Strongly 
Implicit Procedure -SIP13) was used as a suitable 
numerical technique.  
 
(3)  Model simulation 
 For the convenience of modeling process, 
each case used a reference 2km × 2km horizontal 
strip from the unconfined aquifer by changing the 
sea level rise. To identify the factors affecting the 
dynamics of the freshwater-saltwater interface, a 
sensitivity analysis was conducted. It shows that 
hydraulic conductivity is the main governing 
hydro-geological factor affecting the movement of 
the interface and the model is very sensitive with 
respect to changes in hydraulic conductivity. 
Distribution of hydraulic conductivity was estimated 
considering the soil properties and geological 
properties of the area based on USGS14)  and 
WISE/ISRIC15) data sets. The hydraulic conductivity 
in both coastal aquifers ranges from 10-2m/s to 
10-5m/s such as highest hydraulic conductivity with 
coarse gravelly aquifers and lowest with fine 
textural sandy aquifers. Sensitivity analysis also 
shows that saltwater intrusion is far more sensitive 
to groundwater recharge and high recharge rate in 
the aquifer can reduce the seawater intrusion 
effectively. Groundwater recharge of the study areas 
were estimated using water balance method as the 
difference between precipitation and 
evapotranspiration (Fig.1). Evapotranspiration was 
estimated using Hamon’s equation based on 
temperature data. Average annual precipitation and 
temperature data were obtained from the 
NOAA-EPA Global Ecosystem data base, which 
has a spatial resolution of 0.50×0.50 16). Seasonal 
change in recharge with change in climate were not 
considered as a scenario in this modeling but should 
be considered in future studies.  
 
(4) Simulation of sea level rise 
 Responses to sea-level change were simulated 
through modifications in the seawater boundary. 
Simulating sea level rise requires an introduction of 




computes vertical variations in pressure along the 
seawater boundary. Sea-level rise scenarios were 
simulated as gradual increases. Gradual sea-level 
rise was modeled as a series of short uniform step 
increases in pressure occurring annually along the 
seawater boundary. The step increases were 
represented by uniform increases in the magnitude 
of hydrostatic pressure values along the seawater 
boundary nodes and model was run over 100 years.  
 
 (5) Loss of fresh groundwater resources 
 The concept of interface between freshwater 
and saltwater can be used to estimate the amount of 
fresh groundwater resources in coastal aquifers. The 
movement of salinity interface due to the changes in 
sea level rise leads to change in available fresh 
groundwater resources in the aquifer. As illustrated 
in Fig. 1, when the aquifer is totally filled with 
freshwater (interface 1), the freshwater loss can be 
considered as zero and the movement of salinity 
interface landward (interface 2), leads to reduce the 
freshwater amount in the aquifer. When the salinity 
interface coincides with piezometric head (whole 
aquifer fills with saltwater), the freshwater loss will 
be 100%.  
 
3. STUDY AREA 
 According to the available historical sea level 
data, two different case studies were considered to 
evaluate the effects and influences of sea level ris  
on groundwater resources (Fig. 2). The selected two 
study areas have lot of variations in most of the 
factors. Not only the sea level rise but also climat c 
factors such as pattern and amount of rainfall and 
social factors like population and groundwater use 
are different in these two study areas. 
 
(1) Case I: Western American Coast 
 In most of the basins in the western coast 
alluvial-valley, tuffs were deposited along with the 
basin-fill sediments. Unconsolidated sediments are 
the main groundwater-yielding deposits in the area. 
The maximum thickness of unconsolidated 
permeable deposits in the valleys ranges from 
approximately 300 to 1,700 m. The areas are rich in 
surface as well as groundwater resources and even 
though groundwater recharge is less, it is uniform 
throughout the year due to the uniform precipitation. 
Because most of American coastal wetlands are less 
than one meter above sea level, a large fraction of 
the coastal wetlands could be threatened by sea levl 
rise17). Based on data of rise in sea level projected 
by particular scenarios at the particular locations in 
USA, recent estimates suggest that sea level may be 


























Fig.2 Study area; Western American Coast and Bay of Bengal 
 
 
(2) Case II: Bay of Bengal 
 Most of the lands in Indian sub continent near 
the Bay of Bengal consist of low elevation deltas 
and flood plains. The area mainly comprises 
crystalline bedrock overlaid by sedimentary layers 
near the coast. The sedimentary cover mainly 
composed of sandstone, limestone and clay. Eolian 
dune sand and beach sands occur along a narrow 
coastal strip a few hundred meters wide. The 
groundwater in these coastal aquifers occurs under 
shallow water table conditions19). Groundwater is 
the primary potable water source for the most of the 
coastal regions of the area and the groundwater 
recharge varies between wide ranges throughout the 
year20). Past observations on the mean sea level 
along the Indian coast in the Bay of Bengal indicate 
a long-term rising trend of about 0.8-1.0 mm/yr on 
an annual mean basis. However, the recent data 
suggests a rising trend of greater rate sea level ris  
along Indian coastline and Bay of Bengal 21).  
 
4. RESULTS AND DISCUSSION 
 
 The two selected areas have been simulated 
with sea level rise of 2.0 mm/yr for western 
American coast and 0.9 mm/yr for Bay of Bengal. 
Saltwater intrusion in each hydro-geologic system 
was evaluated through analyzing the vertical salinity  
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Fig.3 Loss of fresh groundwater resources in western American coast (a) with natural seawater intrusion (without considering sea 













Fig.4 Loss of fresh groundwater resources in Bay of Bengal (a) with natural seawater intrusion (without considering sea level effect), 
(b) with the effect of sea level rise and (c) Difference between (a) and (b) (additional fresh groundwater loss due to sea level rise) 
 
profile over 100 years period. The simulations were 
carried out with respect to sea level rise and withou  
considering sea level rise. Uniform groundwater 
recharge in each pixel, which has a spatial resolution 
of 0.50×0.50 have been taken into account to model 
2km wide coastal aquifer. The loss of fresh 
groundwater resource in 2km wide coastal aquifer, 
due to salinity intrusion has been estimated in each 
simulation. Each quadrilateral represents the 
percentage loss of fresh groundwater resource in 
2km × 2km aquifer volume. Fig.3a and Fig.4a show 
the percentage loss of fresh groundwater resource 
due to salinity intrusion in both case studies, without 
considering sea level rise. It shows the loss of fresh 
groundwater resource in coastal aquifers under 
natural conditions. Fig.3b and Fig.4b represent the 
percentage loss of fresh groundwater resource 
considering the effect of sea level rise. Fig.3c and
Fig.4c show the difference between the situations of 
(a) and (b), which gives the additional fresh 
groundwater loss due to sea level rise. The 
additional freshwater loss due to sea level rise in 
western American coast is around 1% to 5% of the 
aquifer volume and it is larger than that of Bay of 
Bengal which shows the freshwater loss of 1% to 
3% of aquifer volume.  
  
(1) Effects of sea level rise on freshwater supply 
 Even though the freshwater loss is less in Bay 
of Bengal than western American coast, the 
influences of the loss of water resources is more 
effective in Bengal area which has high population. 
It is severe in the regions with less land and surface 
water resources. Most of the areas in Bay of Bengal, 
groundwater is the main water resources. Although 
this area has favorable hydro-geological conditions, 
various constraints limit the availability of fresh 
groundwater. These mainly include the salinity 
intrusion. Considering the prediction of water 
demand and population growth, the groundwater use 
in Bengal area is estimated approximately as 
40l/cap/day17). The loss of fresh groundwater 
resources due to sea level rise over 100 years period 
in 2km × 2km aquifer in Bay of Bengal coastal area 
can be estimated as 4×106m3 to 12×106m3 and this 
amount of fresh water would be sufficient to serve 
around 2700 to 8000 populations to satisfy their 
water demand. Therefore, it can be simply predicted 
that around 2700 to 8200 people will be directly 
influenced by the loss of freshwater due to sea level 
rise in 2km × 2km area in Bengal region. In western 
American area the groundwater use is higher than 
that in Asian countries due to higher living standards. 
In the state of Washington it is reported as 460 
l/cap/day14). Based on this demand, the number of 
affected people due to loss of fresh groundwater in a 
2km × 2km area in western American coast can be 
estimated as 250 to 1200. A comparison of the 























Table 1. Comparison of two case studies. 
 
 
Case study area 
Western American Coast Bay of Bengal coast 
Avg. Annual Precipitation 1180 mm 1900 mm 
Avg. Ann. groundwater recharge 524 mm 960 mm 
Sea level rise 2.0 mm/year 0.9 mm/year 
Fresh groundwater loss due to sea level 
rise (percentage of aquifer volume) 
1% - 5% 1% - 3% 
Groundwater use 460 l/cap/day 40 l/cap/day 
Affected people in 2km*2km area by loss 




(2) Impacts of reduction in groundwater recharge 
 The seasonal change in groundwater recharge 
was not taken into the consideration in the 
simulation process. Even though recharge was not 
taken into account for this analysis, loss of fresh 
groundwater will be affected by not only sea level 
rise, but also changes in natural recharge. According 
to the climate change predictions, IPCC2) reported 
that temperature would increase throughout the most 
of the regions in tropical Asian region, including 
Bay of Bengal area and the rainfall indicated a 
tendency for an increase in wet season and decrease 
in dry season. Karl et al found that temperature 
increased greatly over the western part of the 
American continent and a reduction in annual 
precipitation of 10%-20% 22). According to these 
climate change trends, it can be expected a decrease 
in groundwater recharge in both case study areas. 
 The effect of change in groundwater recharge 
was simulated considering reduction of groundwater 
recharge as percentage of present recharge. In this 
estimation, two simulations were carried out with 
same hydro geological properties (hydraulic 
conductivity value) and two different recharge and 
sea level rise. Considering the distribution of 
estimated annual groundwater recharge in each pixel, 
the present groundwater recharge was estimated as 
the average value of the annual groundwater 
recharge of both areas. It is 524 mm/year for western 
American coast and 960 mm/year for the Bay of 
Bengal. Fig.5 shows the change in the loss of fresh 
groundwater resource due to change in groundwater 
recharge with and without the effect of sea level rise
in western American coast and Bay of Bengal 
regions with hydraulic conductivity of 10-3m/s. It 
shows that the fresh groundwater loss with the effect 
of sea level rise and without the effect of sea level 
rise, increase with the reduction of groundwater 
recharge. If the groundwater recharge reduces by 
20% of the present recharge in each area, it affects 
around 2.7% increment from the present value of the 








0 5 10 15 20































Bay of Bengal with Sea level rise
Bay of Bengal without Sea level rise
Western American coast with Sea level rise
Western American coast without sea level rise
 
Fig.5 Change in loss of fresh groundwater resource with the  
reduction of groundwater recharge 
 
sea level rise and 2.35% without the effect of sea 
level rise in Bay of Bengal, while it is 1.85% and 
1.5% in western American coast. It shows that the 
reduction in groundwater recharge severely affects 
to reduce the fresh groundwater resource in Bay of 
Bengal region than in western American coast, 
because groundwater recharge is the main factor to 
control salinity intrusion in Bay of Bengal area, and 
the stress of the reduction of groundwater recharge 
on salinity intrusion is higher in this area. The stre s 
of the reduction of groundwater recharge is less, but 
the effect of sea level rise is greater in the western 
American area. The seasonal variation in 
groundwater recharge will significantly affect the 
change in loss of fresh groundwater resource in the 
Bengal region which has a wide range of variation in 
groundwater recharge over the year.  
 The adaptation procedures for the loss of 
fresh groundwater resources due to sea level rise can 
be evaluated based on number of affected people, 
freshwater demand and the reduction in groundwater 
recharge in both cases. In western American region, 
the reduction of per capita water use will be lead to 
utilize the available fresh groundwater resource for 
more populations. Water policies can be redirected 
towards reducing water demand and recycling and 
 
 102
reuse. Another approach can be adapted using price 
intensives to encourage water savings. In Bay of 
Bengal area, the water demand is in the lower 
margin and cannot be reduced, but water wastage 
can be prevented. Also the efficiency of the water 
use such as the efficiency of the distribution 
networks and irrigation efficiency can be increased. 
Since reduction of groundwater recharge affects 
severely on the loss of freshwater in both cases (se 
Fig.5), another adaptation procedure is increasing 
the groundwater recharge to achieve a higher and 
uniform recharge throughout the year. Taking these 
into account, intrusion of seawater can be 
counteracted by technical counter measurements 
such as creating recharge areas or artificial recharge 




 The effect of sea level changes on the 
distribution of saltwater and freshwater in the 
western American coastal plain and Bay of Bengal 
has been analyzed using finite difference model. 
Vertical profile of the interface was simulated in 
both case studies. Rising sea level causes the 
interface to be shallower and to extend farther 
landward. Freshwater loss due to sea level rise over 
100 years is estimated in each case study using a 
conceptual aquifer strip of 2km width. It shows that 
the percentage fresh water loss due to sea level rise 
varies between 1%-5% of the aquifer volume in 
western coast of America and 1%-3% in Bay of 
Bengal.  
 The results further show that, even though the 
effect of sea level rise is higher in high latitudes than 
mid latitudes and equatorial areas, the influences of 
the loss of fresh groundwater resource is more 
severe in mid latitude and equatorial areas which has 
arid and semi arid climates, large diversity of 
seasonal climate, high population density and higher 
demand for groundwater resource. The combined 
influence of the reduction in groundwater recharge 
and the sea level rise shows that there is an increase 
in the loss of fresh groundwater resource with the 
reduction of groundwater recharge due to future 
climate change. These results suggest that sea level 
rise could be a significant problem and hence it 
needs to be considered within the policy process in 
terms of mitigation as well as adaptation.  
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